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Local interactions of aromatic residues in short peptides in
aqueous solution: a combined database and energetic analysis 
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Although short peptides are usually structurally
disordered in aqueous solution, particular peptide
sequences display local structure. We performed
database and conformational searches, along with
molecular dynamics simulations, to study two local
interactions detected by 1H-NMR in tetrapeptides
excised from bovine pancreatic trypsin inhibitor:
aromatic–(i+2)amide and (i–1)cisproline–aromatic. For
both types of interaction, at least two major and distinct
peptide conformations are identified in the folded state.
The aromatic–(i+2)amide interaction can have parallel
and perpendicular arrangements of the N–H bond and
the aromatic ring. The (i–1)cisproline–aromatic
interaction can have close packing of the aromatic ring
to the (i–2)CaH or the (i–1)CgH but not both
simultaneously. Although these local aromatic
interactions are weak, they may influence folding and
binding properties. The combination of search and
simulation techniques provides a useful route towards
obtaining an atomic-detail description of peptides
exhibiting these interactions.
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Introduction
A detailed understanding of the determinants of local struc-
ture formation in short peptides in aqueous solution is of
importance in studies of peptide binding to proteins and of
protein folding. For binding, the reduction in peptide con-
formational entropy on formation of local structure reduces
the unfavourable loss of entropy on binding another mole-
cule. In addition, local structure may favour binding by
being complementary in shape and electrostatic properties
to the binding site on the target molecule. For example, the
rigidity of proline-rich peptides is probably a major reason
for their binding to signal transduction domains such as SH3
and WW [1]. Cyclization of peptide hormones, thus enforc-
ing local structure, is a common way in which to improve
binding and derive inhibitors, e.g. cyclic enkephalin ana-
logues [2]. Immunogenic regions of proteins in exposed
turns, such as the YPYD sequence from influenza haemag-
glutinin [3], tend to be particularly structured. 
The relative rigidity of sequences with local structure
reduces the entropic cost of folding, but local structure can
hinder as well as facilitate folding because it may be a
native or non-native structure. Whether local structure for-
mation affects protein stability or the kinetics of protein
folding will depend on the relative stabilization of the
unfolded, intermediate and folded states of the protein.
One approach to investigate the importance of local struc-
ture formation experimentally [4] is to dissect proteins
into small fragments and measure whether the fragments
possess structure in water. Here, we study peptides
excised from the sequence of bovine pancreatic trypsin
inhibitor (BPTI). Kemmink and Creighton [5] performed
1H-NMR on seven overlapping 9–16 residue fragments of
BPTI and measured chemical shifts. From analyzing
anomalous chemical shifts, they identified four local inter-
actions involving aromatic rings: two that stabilize folded
BPTI (Tyr23–Ala25 and Tyr35–Gly37) and two that do
not (Tyr21–Ile19 and Tyr10–Gly12). To characterize
these interactions further they studied a heptapeptide cor-
responding to residues 7–13 and related sequences of 4–7
residues [6,7]. The heptapeptide displays competing local
interactions, i.e., as shown in Figure 1, an aromatic
residue, i, can participate in either an aromatic–(i+2)amide
interaction (with the backbone N–H group of the second
residue up the sequence) or an (i–1)cisproline–aromatic
interaction (with the preceding proline and (i–2)th
residue). Both interactions are enthalpy driven.
Despite their local structure, these peptides derived from
BPTI are very flexible and it is difficult to obtain a full
atomic description of their conformations directly from the
NMR data. The aim of our theoretical studies is to obtain an
atomic detail picture of the peptides consistent with and
complementary to the experimental data. This should facili-
tate the understanding of the physical basis for observed
local structure in peptides containing aromatic rings and also
enable the structural, dynamic and thermodynamic proper-
ties of such peptides to be computed and predicted. A major
problem in achieving this aim is to sample the phase space
of the peptides in solution adequately and at reasonable
computational cost. To overcome this problem, we have
employed database and systematic conformational searches
together with molecular dynamics simulation techniques.
We find that both types of interaction studied each repre-
sent at least two major and distinct peptide conformations in
the folded state (see Figure 2). For an aromatic–(i+2)amide
interaction, an aromatic hydrogen bond may be present but
is not essential. For the (i–1)cisproline–aromatic interaction,
van der Waals’ packing interactions result in either approxi-
mately extended or turn-like conformations.
Results and discussion
Aromatic–(i+2)amide interaction
From molecular mechanics calculations, Levitt and Perutz
[8] proposed that an ‘aromatic hydrogen bond’ with about
half the strength of a normal hydrogen bond could be
donated by an amine N–H group to an aromatic ring.
Ammonia and benzene associate in the gas phase [9] and
theoretical calculations [8–10] support hydrogen bond for-
mation in vacuo with the optimal geometry being a per-
pendicular one with the angle a between the N–H vector
and the ring plane at 90° and the N–H vector pointing to
the middle of the aromatic ring. As this aromatic hydrogen
bond was proposed to be the physical basis for the anom-
alous chemical shift on the amide proton in the sequence
YTGP corresponding to residues 10–13 of BPTI [6], we
set out to explore its importance for the
aromatic–(i+2)amide interaction by means of database
searches, conformational searches and molecular dynamics
simulations. The database and conformational searches
have been described in detail elsewhere [11], so we first
summarize the results of these searches and then outline
the results of recent molecular dynamics simulations.
Our search [11] of a representative set (the SCAN3D data-
base [12]) of proteins from the PDB [13] showed, as in
previous database searches [14–17], that most
aromatic–amine interactions adopt a rather parallel
arrangement of the N–H vector and the ring plane with
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Figure 1
Residues 8–12 (PPYTG) of BPTI shown in
their crystal structure conformation with a
(i–1)transproline with chemical shifts
measured [7] for the peptide in water with
sequence EAPYTGP. Shifts from random coil
values, Dd, are shown for when the
(i–1)proline is in cis (grey) and trans (bold
black) conformations. They occur for protons
bonded to the atoms shown by shaded disks.
The arrows represent the alternative
interactions of the aromatic ring upon
cis/trans isomerization of the (i–1)proline.
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Figure 2
Local structures in tripeptides extracted from
the PDB exhibiting the two aromatic
interactions observed for residues 7–13 of
BPTI. Four structures are shown for the
XPY(i) sequence with an
(i–1)cisproline–aromatic interaction (with
residue i–2 replaced by alanine): (ai) residues
402–404 of 1thg; (aii) residues 26–28 of
1gmp; (aiii) residues 8–10 of 1tgx; and (b)
residues 70–72 of 1lct. The first three
structures have a ring shift on the (i–2)CaH,
and the last has a ring shift on the (i–1)CgH.
Two structures are shown for the Y(i)XG
sequence with an aromatic–(i+2)amide
interaction: (c) parallel interaction geometry
as for residues 10–12 (YTG) of 4pti; and (d)
perpendicular interaction geometry as for
residues 35–37 (YGG) of 4pti. The shaded
disks show the protons that have significant
upfield chemical shifts compared to random
coil values. Internal hydrogen bonds are
represented by shaded dashed lines. 
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a ~0°. The distribution for aromatic–(i+2)amide interac-
tions is different, though, with two similar size peaks at
a = 0° and a = 60° (see Figure 3). Interestingly, an aro-
matic–(i+2)amide interaction occurred in ~10% of cases
when a glycine was present at the (i+2) position, four
times more than the average value derived for all residues
except proline at the (i+2) position.
The BPTI sequence contains two YXG sequence pat-
terns: residues 10–12 and 35–37. Their conformations in
the crystal structure [18] are shown in Figure 2. The aro-
matic–(i+2)amide interaction geometry is approximately
parallel for residues 10–12 (a = 16°) and perpendicular for
residues 35–37 (a = 63°). Thus these conformations are
representative of the main features observed over the full
database searched.
To obtain a simple model that would explain the physical
basis for the observed conformations, a systematic search
of the potential energy surface of the sequence FGG was
performed [11]. Conformations were identified with aro-
matic–(i+2)amide interactions by empirically computing
ring shifts and these were clustered and ordered according
to energy (see Materials and methods section). In vacuo,
two minima with intramolecular hydrogen-bonded confor-
mations were obtained that were clearly not representative
of the structures possible in solution. Therefore, a simple
representation of the hydrogen-bonding capabilities of the
solvent was added to the model and the conformations
reordered. The peptide has the potential to make six
hydrogen bonds to solvent. When all of these were per-
mitted, the nine major energy minima had minimum
energy conformations in parallel geometries (a < 31°).
When no solvent hydrogen bond was permitted to the
(i+2) amide N–H group, 12 major energy minima were
obtained: five with minimum energy conformations in
perpendicular geometries (a ~ 65°) and seven with
minimum energy conformations in parallel geometries
(a < 36°), three of which were the same as obtained for the
six hydrogen bond model. All but three of the above
energy minima showed selectivity for glycine at either the
(i+1) or the (i+2) position with two-thirds showing selec-
tivity for glycine at the (i+2) position.
The main findings from the systematic search are:
1. There is good correspondence between clustered con-
formations from the SCAN3D dataset with
aromatic–(i+2)amide interactions and the energy minima
on the potential energy surface. The distribution of a on
both the potential energy surface and in the PDB dataset
has peaks at about 0 and 60°. The interaction is favoured
when glycine is the (i+2)th residue.
2. The aromatic hydrogen bond is not the driving force for
folding. It can partially compensate unsatisfied hydrogen-
bond capacity if the N–H group cannot make a hydrogen
bond to solvent. Stable structures with
aromatic–(i+2)amide interactions can be formed without
an aromatic hydrogen bond that are stabilized by
favourable van der Waals’ interactions along the back-
bone, particularly packing between the a-carbon and the
ring, and hydrogen-bonding to an external acceptor.
3. Glycine at the (i+2) position is preferred for formation
of an aromatic–(i+2)amide interaction for steric reasons.
4. Residues 10–12 and 35–37 from BPTI have rmsds of
their torsions of only 21° even though they have very dif-
ferent a angles. The closest potential energy surface
energy minimum for both sequences is the same and has a
parallel conformation. The lack of an available hydrogen
bond acceptor for the (i+2) N–H group of residue 37 in the
BPTI crystal structure leads to the formation of an aro-
matic hydrogen bond.
To obtain a more complete description of a peptide with
an aromatic–(i+2) interaction in solution, we carried out
molecular dynamics simulations of the peptide with the
sequence YTGP in water. The peptide was capped with
an acetyl group on the N terminus and an amide group on
the C terminus. 10 simulations were performed, one start-
ing with an extended structure and nine starting with
structures corresponding to the nine energy minima for
the fully solvated (six hydrogen bond) model with an aro-
matic–(i+2)amide interaction (see Table 2 in [11] for
details). Each simulation was run for 300 ps of equilibra-
tion and 300 ps of data collection at 300K. 
During the simulations, folded conformations were
observed with an aromatic–(i+2) amide interaction, but so
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Figure 3
Distribution of angle a for aromatic–(i+2)amine interactions found [11]
in the SCAN3D database of protein crystal structures. a = 0°
corresponds to a parallel geometry for the N–H vector and the
aromatic ring plane. a = 90° corresponds to a perpendicular geometry
with the amine proton closer to the ring than the nitrogen.
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too were conformations with an aromatic–(i+1)amide
interaction. Analysis of snapshots taken at 1 ps intervals
during the 10 simulations shows that 22% of the conforma-
tions have only an aromatic–(i+1)amide interaction, 6%
have only an aromatic–(i+2)amide interaction and 7% have
both interactions, when an interaction is defined by a
computed ring shift < –0.5 ppm. In five out of the 10 sim-
ulations, there are on average no significant deviations, Dd,
from the random coil shifts for the protons and the peptide
is unfolded. The dominance of unfolded states is to be
expected given that, assuming a two-state transition
between the unfolded and the fully folded state with an
aromatic–(i+2) amide interaction [5,7], ~22% occupancy of
the folded state is found at 300K. 
Chemical shifts for the peptide protons were estimated
by combining the average shifts computed for each simu-
lation weighted by a Boltzmann factor based on the solute
energy. This results in computed Dd values of about
– 0.5 ppm for the (i+2)amide and (i+1)amide protons.
Taking into account the temperature dependence of
these shifts, the experimental Dd values at 300K are –1.0
and – 0.3 ppm, respectively [6]. The simulations thus
show the presence of aromatic–amide interactions but
underestimate the strength of the aromatic–(i+2)amide
interaction. The aromatic–(i+1)amide interaction occurs
about 2.5 times more frequently in the SCAN3D dataset
than the aromatic–(i+2)amide interaction [11] and so it is
not surprising that conformations containing this interac-
tion are sampled. 
In summary, a number of stable folded conformations for
the peptide in water are found in the simulations with the
aromatic ring packed against the peptide backbone.
Recently, van der Spoel et al. [19] performed a set of long
(1 ns) simulations on the same system at 271K using
various force fields. Although they did not report the
(i+1)–amide proton shift, they recorded an anomalous
(i+2)–amide proton shift in one simulation and concluded
that the force field, in particular the water model, is crucial
for the description of the folding. As we have used one of
the water models (TIP3P) for which they found no folding
of the peptide, but we do find an anomalous (i+2)–amide
proton shift in some simulations, it can be concluded that
the starting structure is also crucial, and by running multi-
ple simulations, phase space sampling can be enhanced.
Despite 3 ns of simulation, however, the trajectories give
only partial agreement with the experimental results, with
the occurrence of conformations with an
aromatic–(i+1)amide interaction being too high. Further
details will be reported elsewhere.
(i–1)cisproline–aromatic interaction 
The cis conformation of the (i–1)proline is stabilized by
the presence of the adjacent aromatic ring both in the
peptide corresponding to residues 7–13 of BPTI and
derived peptides and in the SCAN3D database [12] with
315 high-resolution nonhomologous protein crystal struc-
tures. We analyzed tripeptides in the latter database with
the sequence XPAr (where X is any amino acid and Ar is
an aromatic amino acid). In general, cisprolines constitute
~5–7% [20,21] of all prolines. When followed by an aro-
matic residue, the occurrence of cisprolines increases to
13–15%. When preceded by another proline residue (as in
the BPTI sequence [5,7]), the occurrence of cisprolines
increases further to ~20% .
As shown in Figure 1, an (i–1)cisproline–aromatic interac-
tion was detected in the peptide corresponding to residues
7–13 of BPTI and related peptides from anomalous
upfield chemical shifts on (i–2)CaH, (i–1)CgH and
(i–1)CdH [5,7]. No other anomalous upfield shifts were
observed on the (i–2) and (i–1) residues. The relative
magnitudes of the chemical shifts and structural analysis
indicate that the folded state cannot correspond to a single
conformation or interaction mode. In the database search
of XcisPAr sequences, the average ring shift (computed
empirically [22]) for the above three protons is about –0.2
to –0.3 ppm and there is, on average, no ring shift on the
other protons in the tripeptide sequences. About 50% of
the XcisPAr sequences exhibit significant ring shifts
(<–0.25 ppm), with about two-thirds having the ring shift
on the (i–1)CgH and one-third having the ring shift on the
(i–2)CaH. No conformations were found in the full PDB
or in a systematic conformational search for energetically
accessible structures (F Nardi, unpublished data) in which
there are simultaneously significant ring shifts for both
these protons. In the SCAN3D database, all sequences
with an (i–1)cisproline–aromatic interaction have a x1
angle for the aromatic residue in the –60° rotameric state.
The conformations differ in their backbone dihedral
angles (Figure 4) and, after clustering, three distinct con-
formations were found with an (i–2)CaH ring shift
(labeled (ai–iii) in Figure 2) and one conformation was
found with an (i–1)CgH ring shift. No other conformations
were found in the full PDB. Thus, the (i–1)cisproline–aro-
matic interaction does not correspond to a single folded
conformation but to several distinct conformations.
To examine the stability of these conformations, short
molecular dynamics simulations of AcisPY in water were
run for 10 ps equilibration and 100 ps data collection start-
ing from the four major conformations identified in the
database searches. All the initial peptide structures were
stable during this time except for the (aii) conformation,
which changed to the (ai) conformation after 30 ps. The
computed properties of the peptides are shown in
Table 1. 
The lowest-energy conformation has a more or less
extended conformation (Figure 2ai) with the tyrosine
folded over the (i–2)CaH and the proline ring and the
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polar groups solvated. For the next lowest energy confor-
mation (Figure 2b), the aromatic ring packs over the
proline ring, the polar groups are partially buried, and a
type VI turn with transient hydrogen-bonding between
the (i–3)CO and the (i)NH is formed. In proteins, such
turns might be stabilized by hydrogen bonding between
the strands of a b-sheet formed by adjacent residues in
the sequence not present in the tripeptide simulated.
This may be the reason for anomalous shifts occurring
more often on the (i–1)CgH in proteins whereas Dd is
greater on the (i–2)CaH than the (i–1)CgH in the pep-
tides studied. 
Analyzing the packing of the peptide over the proline
residue in more detail, we observe that when the proline
ring is free, it adopts the down pucker ~80% of the time,
as is also observed in protein crystal structures [23]. When
the proline ring is packed against the C-terminal peptide
bond or the aromatic ring it adopts the down pucker for
more than 90% of the time. In the latter case, the
(i–1)CgH points towards the aromatic ring.
The average computed ring shifts of –0.6 to –0.8 ppm on
the anomalously shifted protons dominate the Dd values
(Table 1). No single simulated conformation alone
reproduces the experimentally observed chemical shifts
(Figure 1). However, the chemical shifts of the peptide
protons can be computed by combining the results of the
simulations by treating each of the simulated conforma-
tions as a suitably weighted member of an ensemble.
Assuming that the relative free energies of the conforma-
tions can be represented by the relative solute potential
energies, the two lowest-energy conformations differ by
5 kJ/mol and so populate, respectively, 84% and 14% of
all the folded conformations of AcisPY. One reason for
this energy difference is the presence of an internal
hydrogen bond in the latter conformation (Figure 2b)
which leads to different electrostatic energies (Table 1).
The proportion of the peptide folded at 300K can be
derived as 60% from the study of Kemmink and
Creighton [7], 60–80% from the occupancy of the x1 =
–60° tyrosine rotamer measured in AcisPYA by Juy et al.
[24], and ~70% from our systematic conformational
search of AcisPY (unpublished data). Thus, considering
the simulated folded conformations and 30% occupation
of the unfolded state, computed values of Dd are –0.6
and –0.1 ppm on the (i–2)CaH and (i–1)CgH protons,
respectively. These values compare well with the exper-
imental values of –0.7 and –0.2 ppm, respectively. The
underestimate of the (i–1)CgH shift may arise because
entropy variations between conformations are not
accounted for in this estimation. It has been shown in an
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Figure 4
Torsion angles of the 15 structures displaying an
(i–1)cisproline–aromatic interaction in the SCAN3D database of
protein crystal structures. Dashed lines represent the five structures
(residues 26–28 (GPF) of 1gmp; 54–56 (GPY) of 1fus; 8–10 (PPF) of
1tgx; 402–404 (SPF) of 1thg; and 2–4 (YPF) of 1mng) with a
computed ring shift <–0.25 ppm on the (i–2)CaH. Continuous lines
represent the 10 structures (residues 70–72 (APY) of 1lct; 282–284
(APF) of 2olb; 15–17 (APF) of 1lst; 50–52 (EPF) of 1lki; 365–367
(MPF) of 1pnk; 37–39 (PPY) of 2erl; 22–24 (PPF) of 1nif; 131–133
(SPY) of 1rcd; 235–237 (YPY) of 1ade; and 249–251 (VPF) of 3tgl)
with a computed ring shift <–0.25 ppm on the (i–1)CgH. The labels
refer to the structures in Figure 2. 
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Table 1 
Results of simulations of the peptide with sequence AcisPY in water.
Conformations* Etp/s† Eq/s† Eq/sw† Dd(&ring shift) Dd(&ring shift) % Down
(kJ/mol) (kJ/mol) (kJ/mol) of (i–2)CaH‡ (ppm) of (i–1)CgH‡ (ppm) pucker
ai –432 –351 –272 –0.97 (–0.75) +0.03 (–0.04) 82
b –427 –377 –218 –0.32 (–0.03) –0.77 (–0.81) 92
aiii –420 –366 –232 –0.96 (–0.74) +0.00 (–0.02) 97
aii –415 –325 –310 –0.93 (–0.62) +0.02 (–0.04) 82
*Conformations refer to the starting structures shown in Figure 2.
†Etp/s is the total potential energy of the solute, which corresponds to
the total internal potential energy of the solute and half of the
intermolecular interaction energy of the solute with the solvent. Eq/s is
the internal Coulombic potential energy of the solute. Eq/sw is the
intermolecular Coulombic energy for solute–water interactions.
Energies are average values from 100 ps simulations except for aii, for
which the average was taken over 20 ps due to its weaker stability.
The standard deviations of all the energy values are at maximum
6 10 kJ/mol, and the fluctuation of the average energy over 100 ps is
at maximum 6 2.5 kJ/mol. ‡∆δ is the computed average chemical shift
deviation from the random coil value [22]. The ring shift contribution to
∆δ is given in parentheses.
extensive series of NMR experiments on peptides with
an (i–1)cisproline–aromatic interaction [25–27] and in
recent molecular dynamic simulations [28] that, when
the i–2 residue is aromatic, the type VI turn is the most
stable conformation. But the large Dd value of –0.9 ppm
measured by Dyson [26] on the (i–2)CaH proton when
the i–2 residue is a glycine suggests that the (ai) confor-
mation is the most stable for this sequence. In the
present case, with alanine at the i–2 position, the
peptide appears to be in an intermediate state between
these two extremes.
Further sampling, particularly of the transitions between
the conformations simulated, is required for a better
quantitative comparison of computed and experimental
chemical shifts. The high energy barrier to rotation
around the proline c dihedral angle (~35 kJ/mol) in par-
ticular prevents this from being feasible with standard
room temperature molecular dynamics simulations.
Therefore, we are now performing simulations with
biasing functions [29] tailored to lower the barriers on
the free energy surface of the peptide. This technique
should also enable the competition between the (i–1)cis-
proline–aromatic and the aromatic–(i+2)amide interac-
tions observed in the BPTI peptides to be analyzed in
atomic detail. 
Conclusions
Both the aromatic–(i+2)amide and the (i–1)cisproline–aro-
matic interactions can arise from more than one type of
interatomic interaction and the folded state cannot be
considered as a single interaction mode or conformation.
The aromatic–(i+2)amide interaction can have parallel
and perpendicular arrangements of the N–H bond and
the aromatic ring. Favourable intramolecular interactions
along the backbone and interactions with water molecules
contribute to its stabilization. The (i–1)cisproline–aro-
matic interaction can have close packing of the aromatic
ring to the (i–2)CaH or the (i–1)CgH but not both simul-
taneously.
Different backbone torsions are required for the differ-
ent (i–1)cisproline–aromatic interaction modes: packing
of the aromatic ring on the (i–1)CgH results in tight turn
structures while packing on the (i–2)CaH favours more
extended structures. From the BPTI crystal structure,
however, it is apparent that a sequence with an aro-
matic–(i+2)amide interaction can have almost the same
backbone torsions with either a parallel or a perpendicu-
lar ring position. Detailed knowledge of the physical
interactions contributing to the aromatic–(i+2)amide
interaction is not necessary to predict the backbone
structure in this case. On the other hand, this local inter-
action would be important for binding properties which
are sensitive to factors such as sidechain arrangements
and the accessibility of hydrogen bond donor atoms.
Materials and methods
Materials
Protein crystal structures from the PDB [13] in the SCAN3D database
[12] supplied with the WHAT IF program [30] were searched for aro-
matic–(i+2)amide interactions and (i–1)proline–aromatic sequences
with software written specifically for the purpose.
All energy calculations were carried out with the all atom CHARMm22
force field [31,32] and the CHARMm22 TIP3P water model with a rela-
tive dielectric constant of 1. Molecular dynamics simulations were per-
formed with the ARGOS program [33]. Modelling and graphical
manipulation was done with the QUANTA [34] and WHAT IF [30] pro-
grams. Chemical shifts were calculated empirically with the TOTAL
program [22] .
Systematic search of the aromatic–(i+2)amide interaction
potential energy surface
Details of the search procedure are provided in [11] and consequently
the method is outlined only briefly here. A systematic search was made
of the sequence FGG (without the terminal amine hydrogen and car-
boxylate oxygen atoms) with a 15° stepsize over its six rotatable dihe-
dral angles. More than 95 million structures were generated and, for
each, the amine proton ring shift was computed empirically [35,36]. If
the ring shift was less than –0.5 ppm, an interaction was defined and
the nonbonded energy of the system was calculated. If this exceeded
+100 kJ/mol (as it did in most cases), the structure was rejected. From
the saved structures, the potential energy surface was constructed by
identifying energy minima and computing their depth and size. 
The hydrogen-bonding capabilities of an aqueous environment were
modelled as follows. For each conformer, water oxygen atoms were
placed 1.8 Å away from the peptide protons along the N–H bond
vectors and water protons were placed 1.8 Å away along the lone pair
vectors of the carbonyl oxygen atoms. If there was a steric clash of any
‘environment atom’ with the peptide fragment, that hydrogen bond was
ignored. The energetic contribution of each external hydrogen bond
was assigned as –16.8 kJ/mol.
Molecular dynamics simulations
Each modelled starting structure was energy minimized by steepest
descent for about 100 steps and then immersed in a pre-equilibrated
cubic box of water molecules (41 Å and 24 Å sides for the YTGP and
APY peptides, respectively). The systems were equilibrated and then
simulated in the NPT ensemble at 300K and 1 atmosphere. A 
nonbonded cutoff of 10 Å was used and bond lengths were con-
strained using the SHAKE algorithm [37].
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